Based on the data from Earth Radiation Budget Experiment (ERBE), many investigators have concluded that the net cloud radiative forcing at the top of the atmosphere is small in the deep convective region of the Tropics. This conclusion has been shown to be invalid for the Asian monsoon region during the period June-September. The ERBE data have been used to show that in the Asian monsoon region the net cloud radiative forcing at the top of the atmosphere is negative and its magnitude exceeds 30 W m Ϫ2 in 25% of the grids in this region. The large negative net cloud radiative forcing in the Asian monsoon region during June-September has been shown to be on account of the presence of large amount of high clouds and the large optical depth of these clouds. This combination of high cloud amount and high optical depth occurs in the Asian monsoon region only. In the other deep convective regions of the Tropics, high clouds with large optical depths are present, but they do not cover a large area.
Introduction
The concept of cloud radiative forcing has been used extensively to study the impact of clouds on climate. Cloud radiative forcing at the top of the atmosphere is defined as the difference between the radiative fluxes with and without clouds. The observations from the Earth Radiation Budget Experiment (ERBE) provided the first accurate estimate of the modulation of longwave and shortwave radiative fluxes at the top of the atmosphere by clouds (Ramanathan et al. 1989) . Using the ERBE data, Harrison et al. (1990) have examined the seasonal variation of cloud radiative forcing. A number of studies (Ramanathan et al. 1989; Harrison et al. 1990; Stephens and Greenwald 1991; Hartmann et al. 1992) have estimated that the global average shortwave cloud radiative forcing (SWCRF) and longwave cloud radiative forcing (LWCRF) are approximately Ϫ50 W m Ϫ2 and 30 W m Ϫ2 , respectively. The magnitude of the net cloud radiative forcing, which is defined as the sum of SWCRF and LWCRF, is generally larger in higher latitudes of the summer hemisphere. Hartmann and Doelling (1991) examined the net radiative effectiveness of clouds in terms of a cloud factor angle defined in coordinates of reflected solar radiation versus outgoing longwave radiation. Their study suggested that ratio of the solar to the longwave effect of cloud is about 1.85 based on the regression method and 1.55 based on the comparison of clear sky and total sky fluxes. Recently, Bony et al. (1997) examined the influence of sea surface temperature and large-scale circulation on cloud radiative forcing using National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) 40 yr reanalyses and ERBE datasets. ERBE data have revealed that the deep clouds in the Tropics caused large changes in both longwave and shortwave radiative fluxes at the top of the atmosphere. The changes in the shortwave and longwave fluxes were of the same magnitude but opposite sign. Based on the ERBE data for the Indonesian region for April 1985, Kiehl and Ramanathan (1990) argued that there is a near cancellation between LWCRF and SWCRF at the top of the atmosphere in the deep convective regions of the region. They concluded therefore that the net cloud forcing is near zero in all tropical convective regions. Kiehl (1994) showed that the net cloud forcing in the equatorial Pacific is close to zero in April 1985. In many papers published since, it has been assumed that this near cancellation of LWCRF and SWCRF is a fundamental feature of deep convective systems in the Tropics. Kiehl (1994) proposed an elegant theory to explain the near cancellation of the effects of LWCRF and SWCRF. He argued that the observed near cancellation in the Tropics is mainly a result of the tropical tropopause height being close to 16 km. He also suggested that the near cancellation is a ubiquitous feature in all tropical convective regions (either land or ocean). Pierrehumbert (1995) proposed a new theory for the regulation of the sea surface temperature in the Tropics based on the assumption that there is a near cancellation between LWCRF and SWRCF in the Tropics.
Recently, Pai and Rajeevan (1998) have examined the variations in net cloud forcing at the top of the atmosphere in the tropical Indian ocean region using ERBE data. They have demonstrated that the variations in cloud radiative forcing are strongly correlated with changes in high cloud amount but weakly correlated with changes in low or middle clouds. They have shown that the net cloud forcing at the top of the atmosphere can be large in July in the Indian Ocean when the amount of high clouds exceeds 50%. They argue that the net cloud radiative forcing in the warm pool of the west Pacific Ocean is not large because the amount of high clouds in this region does not exceed 50%. Most of the earlier studies on the net cloud forcing in the Tropics had focused their attention on the warm pool of the Pacific and not on the Indian Ocean or the Asian monsoon region. In the light of the results obtained by Pai and Rajeevan (1998) , it is essential to reexamine the issue of near cancellation of the LWCRF and SWCRF in greater depth. This is necessary because the net cloud forcing at the top of the atmosphere has a direct impact on the dynamics and evolution of deep convective systems in the Tropics (also called the tropical convergence zones or TCZ). Neelin and Held (1987) have shown that the strength of the low-level convergence in the TCZ is directly proportional to the net radiation at the top of the atmosphere. If the net cloud forcing (at the top of the atmosphere) is near zero in the TCZ as claimed by Kiehl (1994) , then one should expect that clouds should have lesser impact on dynamics and evolution of the TCZ. Sikka and Gadgil (1980) have argued, however, that cloud-radiation feedback may influence the meridional migration of TCZ. In this paper, we demonstrate that the net cloud radiative forcing is large in the Asian monsoon region during the period June-September and examine the factors that contribute to large net cloud radiative forcing in this region.
Data
We have used the ERBE and International Satellite Cloud Climatology Project (ISCCP) data for the period 1985-88 in our analysis. The ERBE S-4 data archive (Barkstrom 1984) consists of monthly mean all-sky and clear-sky radiative fluxes (longwave and shortwave) at the top of the atmosphere at 2.5Њ ϫ 2.5Њ resolution. The ERBE data are derived from the radiance measurements by the Earth Radiation Budget Experiment and NOAA-9 and NOAA-10 satellites. Errors in individual clear and overcast scenes in ERBE data are estimated to be less than 2% and are much lower when time and space averages are performed (Harrison et al. 1990) . The ISCCP provides cloud parameters such as cloud height, cloud optical thickness, and cloud amount from a global network of geostationary weather satellites and at least one polar orbiting satellite. We have used the cloud data from the ISCCP C-2 dataset (Rossow and Schiffer 1991) . In ISCCP data, the clouds are classified into three types. They are high, middle, and low clouds. The high clouds (i.e., cloud tops above 440 hPa) are cirrus, cirrostratus-cirrocumulus, and deep convective clouds. The cloud parameters we have used are monthly mean values with the same spatial resolution as ERBE. Fu et al. (1990) and Weare (1993) provide evidence that ISCCP variables qualitatively reproduce important aspects of large-scale monthly averages. Comparisons of ISCCP high clouds with Stratospheric Aerosol and Gas Experiment (SAGE) II satellite measurements (Liao et al. 1995) and ground-based lidar observations (Minnis et al. 1993 ) indicate that there is good agreement between these data. In ISCCP data, high cloud optical depth or water content may include contributions from lower clouds.
The cloud radiative forcing is calculated as follows. The LWCRF is defined as
where F is the longwave radiative flux at the top of the atmosphere. The subscript clr indicates the value of F for a clear scene within the 2.5Њ ϫ 2.5Њ box. LWCRF is usually positive.
The SWCRF is calculated as
where S is the monthly incoming solar flux at the top of the atmosphere and ␣ is the total sky albedo of the earth-atmosphere system. Here ␣ clr is the clear-sky albedo of the earth atmosphere system. SWCRF is usually negative. The net cloud radiative forcing is defined as the sum of SWCRF and LWCRF and whose sign depends upon the relative values of LWCRF and SWCRF.
We have considered the regions 30ЊS to 30ЊN and 30Њ to 180ЊE for the spatial analysis, and the region 0Њ to 30ЊN and 60Њ to 120ЊE for further detailed statistical analysis as shown in Fig. 1 . The analysis has been performed for the months of January, April, and October, and the period June-September, which are summer monsoon months of the Northern Hemisphere.
Map highlighting the region of interest. The larger box, A (30ЊS-30ЊN, 30Њ-120ЊE), is used for spatial analysis whereas the smaller box, B (0Њ-30ЊN, 60Њ-120ЊE), is used for the detailed statistical analysis.
FIG. 2. Frequency distribution (in percentage) of ERBE net cloud radiative forcing for 10 W m
Ϫ2 interval for Jan, Apr, Jul, and Oct. Period: 1985-88. Region: 0Њ-30ЊN, 60Њ-120ЊE.
Cloud radiative forcing a. Frequency distribution
The frequency distribution of net cloud radiative forcing (CRF) at the top of the atmosphere (TOA) in the Asian monsoon region (0Њ-30ЊN, 60Њ-120ЊE) for four representative months, January, April, July, and October, during the period 1985-88 are shown in Fig. 2 . It can be seen that during January, April, and October, maximum frequency (about 45%) of net CRF is around zero. Frequency of net CRF with magnitude exceeding 20 W m Ϫ2 is less than 25% during these months. However, during the month of July, appreciable differences are observed. The frequency of net CRF around zero (near cancellation between SWCRF and LWCRF) is only 22% (as opposed to about 45% during the other three months). There is also a long tail of large negative net CRF. The percentages of grid points with net CRF with magnitude exceeding 20 W m Ϫ2 for the months of January, April, July, and October are 19%, 20%, 45%, and 24%, respectively. The spatial analysis of net CRF (not shown) for the months of January, April, and October revealed that the net CRF of magnitude exceeding 20 W m Ϫ2 is mainly observed over the east coast of the Asian continent due to marine stratus clouds associated with midlatitude weather systems in which the longwave component of cloud radiative forcing is very small (Ramanathan et al. 1989) . In this paper we focus our attention on the large negative net CRF that occurs during the monsoon months in the Asian region.
The scatter diagram relating LWCRF and SWCRF at the top of the atmosphere in the Asian monsoon region (0Њ-30ЊN, 60Њ-120ЊE) based on ERBE data is shown in Fig. 3 The frequency distribution of cloud radiative forcing over the Asian monsoon region (0Њ-30ЊN, 60Њ-120ЊE) is shown in Fig. 4 for land and ocean regions separately. The peaks of LWCRF and SWCRF occur at a larger value over the oceanic regions when compared to land regions. The percentage of points with LWCRF more than 100 W m Ϫ2 is less than 2%, while the percentage of points with SWCRF lower than Ϫ100 W m Ϫ2 is more than 20% over both land and ocean. This asymmetry in the frequency distribution of SWCRF and LWCRF leads to the asymmetry in the frequency distribution of net CRF. The frequency distribution of net CRF shows a maximum around zero (i.e., near-net cancellation between SWCRF and LWCRF) but there is a long tail indicating the existence of regions with large negative cloud forcing both over land and ocean. The percentage of points with magnitude of negative net CRF exceeding 30 W m Ϫ2 is around 36% over land and 18% over ocean. Note that the spatial extent of oceanic and land regions considered for the data analysis is not the same. The variation of net cloud forcing with SWCRF (in 10 W m Ϫ2 bins) is shown in Fig. 5 . The net cloud forcing is close to zero at small SWCRF but increases rapidly once the magnitude of negative SWCRF exceeds 45 W m Ϫ2 . Over the regions with larger shortwave cloud radiative forcing, the magnitude of net CRF is more over land than over ocean.
b. Spatial patterns
The spatial patterns of LWCRF, SWCRF, and net CRF for the period June-September 1985-88, calculated using the ERBE data, is shown in Fig. 6 . Larger LWCRF is observed over the southern Bay of Bengal and the equatorial east Indian Ocean. The negative net cloud forcing with its magnitude exceeding 30 W m Ϫ2 is observed over the northern Bay of Bengal and adjoining land areas over east Asia. These values are the averages over 16 months and hence are smaller than the values of some of the months. For example, if the values of net cloud forcing for July is computed, the values of net cloud forcing in the northern Bay of Bengal are as high as Ϫ50 W m Ϫ2 . Thus we find that even though there is a near cancellation between shortwave and longwave cloud forcing in many areas of the Tropics, large net negative cloud forcing is observed over the Asian monsoon region. The value of net cloud forcing is higher than the uncertainty limit of ERBE data (Ϯ10 W m Ϫ2 )
Relationships with cloud properties
The spatial distribution of average high cloud amount and optical depth over the Asian monsoon region is shown in Fig. 7 . The optical depth of high clouds is computed as a weighted average of the optical depth of cirrus, cirrostratus, and deep convective clouds. High cloud amount exceeds 50% over the Bay of Bengal and adjoining land areas of the Asian monsoon region. It may be mentioned that over the west Pacific, where Kiehl and Ramanathan (1990) examined the net radiative forcing, the high cloud amounts do not exceed 50%. Similarly high optical depth exceeding 14 was observed over the northern Bay of Bengal and the Asian monsoon region. Over the west Pacific, clouds with large optical depth are, however, not observed. The spatial pattern of high cloud amount and optical depth are similar to the spatial pattern of net CRF (Fig. 6) high clouds more than 14. Thus large negative net forcing occurs in regions with large amounts of optically thick high clouds. This aspect is further examined by averaging SWCRF and LWCRF with equal bins of high cloud optical depth. The data have been divided into six equal bins as shown in Fig. 8 . The LWCRF reaches an asymptotic value around 60 W m Ϫ2 when optical depth of high clouds exceeds 10. The SWCRF increases rapidly when the optical depth increases from 10 to 14 but reaches an asymptote of Ϫ100 W m Ϫ2 when the optical depth exceeds 14. The rate of change of SWCRF with high cloud optical depth is much larger than that of LWCRF once the mean optical depth goes above 10. Similarly, the variation of SWCRF and LWCRF as a function high cloud amount is shown in Fig. 9 . It can be seen that both SWCRF and LWCRF increase with increases in high cloud amount. When the high cloud amount is larger than 50%, the rate of increase of SWCRF with high cloud amount becomes more than that of LWCRF. This difference is, however, not as prominent in case of the variation of SWCRF and LWCRF with high cloud optical depth (Fig. 8) . The observed large negative net forcing over the Asian monsoon region is associated with a large amount of high clouds with large optical thickness. In this respect, the Asian monsoon region is unique and similar conditions are not observed in the other deep convective regions of the Tropics (i.e., Pacific Ocean, Africa, or Amazon region). This is demonstrated in Fig. 10 . The percentage of high clouds and the percentage of the region with high cloud optical depth above 12 is shown for different deep convective regions of the Tropics in 1988. Note that the regions have been chosen such that their spatial extent (20Њ lat ϫ 20Њ long) is same for all regions. We find that in July and August the Asian monsoon region shows the unique combination of large amount of high clouds with large optical depth. In the Amazon region the optical depth of high clouds is almost as large as the Asian monsoon region, but the percentage of high cloud amount is much smaller. Thus the combination of large amount of high clouds and high clouds with large optical depth is seen in the Asian monsoon region only.
Conclusions
We have shown that the net cloud radiative forcing over the Asian monsoon region is large and negative by using the ERBE data for the period June-September during 1985-88. We have also shown that the large negative net cloud forcing over the Asian monsoon re- gion is due to presence of optically thick (optical thickness exceeding 14) high clouds (amounts exceeding 50%). At large optical depths, the effect of cloud albedo exceeds the cloud greenhouse effect and hence these clouds cause large negative net cloud forcing. In the equatorial Pacific, the high clouds with large optical thickness are not predominant. Hence, the previous studies that focused their attention primarily on the equatorial Pacific concluded that the net cloud forcing in the deep convection region of the Tropics is close to zero. Neelin and Held (1987) have shown that the net radiation at the TOA represents the total energy convergence in the continental TCZ. If the net cloud radiative forcing is negative in a continental region, then the cloud-radiation feedback in the TCZ is negative. Based on the results reported in this paper, we conclude that the cloud-radiation feedback is negative in the deep convective regions of Asia during June-September. We must mention, however, that the clear-sky data are not available in ERBE for some grids in the Asian monsoon region during the months of July and August. This is on account of the existence of persistent high cloud cover. Hence the estimate of the magnitude of the net cloud radiative forcing obtained here may be somewhat lower than the actual value. Moreover, the clear-sky identification algorithm used in ERBE has problems in identifying clear pixels within deep convective regions (Hartmann and Doelling 1991) . The algorithm introduces a bias because it labels clear-sky regions with high humidity (in deep convective region in the Tropics) as cloudy regions. This bias may have an impact on our results.
Many atmospheric general circulation models do not simulate the mean structure of the Asian monsoon correctly. This could be due to their inability to simulate correctly the cloud radiative properties in the Asian monsoon region. Bony et al. (1997) and Weare (1997b) have shown that some GCMs do not simulate correctly the cloud radiative properties. Weare (1997a) has shown that longwave cloud forcing is strongly related to high cloud amounts and shortwave cloud forcing is better related to high cloud amounts and high cloud optical depth. While low clouds make little contribution to LWCRF, they make a substantial contribution to SWRCF. In highly convective regions in the Tropics the albedo and outgoing longwave radiation are significantly affected by variations in cloud structure as well as cloud amount (Hartmann and Doelling 1991) . These variations cause an asymmetry in the distribution as shown in the frequency diagrams (Fig. 4) . Poetzsch Heffter et al. (1995) examined nine types of ISCCP clouds and their effect on cloud radiative forcing. They have suggested that the cloud type 9 (cirrostratus and cumulonombus, with mean optical depth Ͼ10, cloud albedo Ͼϳ0.6, and IR transmission Ͻ0.4%) makes the largest single contribution to the net cloud forcing. This is consistent with the results obtained in this study. Recently, Heymsfield et al. (1998) have measured the cloud forcing in highly reflective optically thick cirrus clouds over the equatorial Pacific using in situ and remote sensing data on a 0.25Њ ϫ 0.25Њ grid. They have shown that in these clouds albedo is greater than 0.40 and the SWCRF is much higher than the LWCRF. They obtain a much larger net cloud forcing in the equatorial Pacific than that reported in the previous studies because they used a much finer grid in their analysis compared to the conventional 2.5Њ ϫ 2.5Њ grid. A similar observational study of the cloud radiative properties over Asian monsoon region will be necessary to document the unique features of the deep convective clouds in this region.
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